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Abstract  Öz 

This study aimed to constrain the crystallization and emplacement 
conditions of magmas that produced the Late Miocene volcanic rocks 
exposed at the junction of the Erzurum-Kars Plateau and the Eastern 
Pontides in the Northeastern Anatolia Region through a series of 
thermobarometric analyses. The volcanic succession unconformably 
overlies Oligocene mudstone, siltstone, and sandstone alternations, with 
limestone and cherty limestone at higher levels. Petrographically, they 
consist of fine- to coarse-grained basalt, basaltic andesite, and andesite. 
Mineral compositions include plagioclase (An16-77), clinopyroxene (Wo39-

45En43-50Fs11-12), orthopyroxene (Wo3-4En73-82Fs14-24), olivine (Fo63-86), 
hornblende (Mg#=0.62-0.79), and Fe-Ti oxides (Usp0.05-1.44, Ilm94.10-95.53). 
The groundmass comprises microlites of these minerals and volcanic 
glass. The dominant textures are microlitic porphyritic, hyalo-
microlitic, and microlitic porphyritic, while glomeroporphyritic, 
intergranular, pilotaxitic, subophitic, flow, and vesicular textures are 
also observed. Widely present disequilibrium features, such as zoning, 
sieve, and resorption, are common in plagioclase and clinopyroxene. 
Thermobarometric calculations indicate crystallization temperatures 
of 880-1230°C, pressures of 0.73-8.71 kbar, oxygen fugacities between 
(-10.94) and (-8.92), and water contents of 4.60-6.32 wt.%. These results 
suggest that the volcanic rocks crystallized under volatile-rich, 
oxidizing conditions across a broad depth range (~2-32 km), at 
relatively high temperatures. 

 Bu çalışmada, Kuzeydoğu Anadolu Bölgesi’nde Erzurum-Kars Platosu 
ile Doğu Pontidler’in kesişim noktasında yüzeylenen Üst Miyosen yaşlı 
volkanik kayaçları oluşturan magmaların kristallenme ve yerleşim 
koşulları çeşitli termobarometrik hesaplamalar yardımıyla 
belirlenmiştir. Bu volkanikler Oligosen yaşlı kiltaşı, silttaşı ve kumtaşı 
ardalanması ile üst seviyelerinde kireçtaşı ve çörtlü kireçtaşlarından 
oluşan birim üzerine uyumsuz olarak yerleşir. Petrografik olarak; ince 
iri taneli bazalt, bazaltik andezit ve andezitlerden oluşurlar. Bu 
kayaçlar; plajiyoklaz (An16-77), klinopiroksen (Wo39-45En43-50Fs11-12), 
ortopiroksen (Wo3-4En73-82Fs14-24), olivin (Fo63-86), hornblend (Mg#0.62-
0.79) ve Fe-Ti oksit (Usp0.05-1.44, İlm94.10-95.53) minerallerinden ibarettir. 
Kayaç hamuru tüm bu minerallerin mikrolitleri ve volkan camından 
meydana gelir. Mikrolitik porfirik, hyalo-mikrolitik ve mikrolitik 
porfirik doku genel dokuyu oluştururken, glomeroporfirik, 
intergranüler, pilotaksitik, subofitik, akma ve vesiküler dokular özel 
dokuları oluşturur. Plajiyoklaz ve klinopiroksenlerde gözlenen 
zonlanma, elek ve kemirilme dokuları dengesizlik dokulardır. 
Termobarometrik hesaplamalara göre volkanik kayaçların 
kristallenme sıcaklıkları 880-1230°C, basınçları 0.73-8.71 kbar, oksijen 
fugasitesi (-10.94) ile (-8.92) arasında ve su içeriği % 4.60-6.32 
arasında değişmektedir. Sonuç olarak incelenen volkanik kayaçların; 
uçucularca zengin, yüksek oksidasyon koşullarında sığ ile derin 
kabuksal derinliklerde yüksek sıcaklıklarda (~2–32 km) oluştuğu 
söylenebilir. 

Keywords: Late Miocene, Mineral Chemistry, Geothermobarometer, 
Disequilibrium Crystallization, Posof 

 Anahtar kelimeler: Üst Miyosen, Mineral Kimyası 
Jeotermobarometre, Dengesiz Kristallenme, Posof 

1 Introduction 

The textural and chemical characteristics of minerals in 
volcanic and plutonic rocks, bearing diverse geochemical 
features, have been extensively studied over the past few 
decades. The magma chamber processes, such as magma 
mixing, recharge, crystal mush remobilization, fractional 
crystallization, and assimilation as open and/or closed systems, 
significantly affect the evolution of the magmas. In particular, 
the variation in chemical composition and thermodynamic 
conditions as open system processes leads to disequilibrium 
during the crustal evolution of the magmas, resulting in zoning, 
embayment, corrosion, and sieved texture [1]-[3]. The 
investigation on the petrographic, textural, and mineral 
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chemical properties of the magmas helps us to better 
understand the magmatic processes [4]-[8]. Furthermore, the 
physicochemical parameters such as pressure, temperature, 
oxygen fugacity, and hygrometers can be obtained by using the 
composition of minerals such as clinopyroxene, amphibole, 
biotite, feldspar, olivine, and Fe–Ti oxides [9],[10]. These 
parameters also provide insight into the emplacement/storage 
depth and thermal evolution of magmas. In the last four 
decades, many thermobarometric calibrations based on the 
mineral and melt composition, which is in equilibrium with it, 
have been proposed by many researchers [11]-[20]. By using 
these parameters, it is possible to shed light on the evolution 
and crystallization history of the magma during the crustal 
movement.  
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In this study, we present the new textural features and mineral 
chemistry dataset of diverse minerals, such as orthopyroxene, 
clinopyroxene, plagioclase, and hornblende from the studied 
Late Miocene basic volcanic rocks from the Posof vicinity 
(Ardahan, Türkiye). We use these features to put forward the 
following objectives: (i) determine petrographic features; (ii) 
carry out thermodynamic conditions in terms of intensive 
parameters (P, T, and ƒO2) to identify emplacement and pre-
eruptive crystallization history; (iii) understand magma 
chamber processes based on the strength and composition of 
deep-, mid-, and shallow-continental crusts.   

2 Regional geology 

The study area is in the intersection of the Eastern Pontides 
orogenic belt, which is in the central part of the Alpine-
Himalayan orogenic belt, and is of key importance to 
understand the tectono-magmatic evolution of the Alpine 
system, and the Eastern Anatolian, which is one of the best 
places for collision-related volcanism in the world. The five 
different tectonic blocks were identified according to their 
tectonic and geological properties (Figure 1).  

 

Figure 1. The inset map shows the tectonic units of Turkey and the distribution of collision-related volcanics in Eastern Anatolia. I: 
Rhodope-Pontide fragment, II: Northwest Iranian fragment, III: Eastern Anatolian Accretionary Complex (EAAC), IV: Bitlis-Pötürge 

Massif, V: Arabian Foreland. EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone (modified after [21]). 
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These five blocks are: (I) the Rhodope–Pontid unit which is 
including study area in the northeast, (II) the northwest-Iran 
section, (III) the Eastern Anatolian accretionary complex and 
the Anatolian basement, (IV) the Bitlis–Pötürge metamorphic 
massif, and (V) the Arabian foreland. These tectonic blocks are 
unconformably overlain by Oligocene–Middle Miocene 
sediments, which reflect a shallow marine environment in 
places. The Pontide basement rocks, which are represented by 
arc and post-collisional magmatic and the associated 
sedimentary rocks [22]-[33]. 

The basement rocks of the Eastern Pontides consist of Paleozoic 
metamorphic rocks [34],[35], metagranites [36] Late 
Carboniferous-aged granitic intrusions [37]-[40] and the 
Permo-Carboniferous sedimentary rocks [41]-[43]. These units 
have been crosscut by Late Triassic lamprophyres in the 
southern part of the Eastern Pontides [44]. The basement rocks 
are unconformably overlined by Early-Middle Jurassic 
volcanoclastic and sedimentary rocks [45]-[47]. All these units 
are cut by Early and Middle Jurassic intrusive rocks [48]- [52]. 
The Middle–Upper Jurassic–Cretaceous units composing of 
neritic and pelagic carbonates, conformably overlie Jurassic 
magmatic and volcano-clastic rocks [29],[53]. The Late 
Cretaceous series consists of sedimentary, volcanic rocks, their 
pyroclastics, and plutonic rocks [54]-[58]. Even if there are 
opposite reviews, the Eocene volcanism is ascribed to post-
collisional [29],[59]. The Palaeocene to early Eocene 
magmatism is represented by adakitic or adakite-like volcanis 
[60]-[63]. The Late Cretaceous series and adakitic rocks are 
overlined by Eocene volcanic and volcaniclastic rocks 
[23],[24],[64]-[68]. The calc-alkaline granitoids of similar ages 
intruded into the Eocene volcanic and volcaniclastic rocks in 
the region [69]-[71]. The Miocene magmatism has limited 
propagation in the Eastern Pontides, and its affinity ranges 
from calc-alkaline to mildly and moderately alkaline [24], [31], 
[32], [72]. In the southern part of the Eastern Pontides, the Late 
Miocene are dacitic in composition, while Pliocene-Quaternary 
adakitic rocks are trachyandesite. The Late Miocene–
Pleistocene volcanism generally extends to the North Anatolian 
Fault Zone (NAFZ) [73]-[78]. The Miocene volcanic rocks are 
overlain unconformably by the Miocene–Pliocene sedimentary 
rocks. 

In the Eastern Anatolian block, the magmatic activity, which is 
ascribed to post-collisional, extends an area along ~ 500 km to 
the north of the Bitlis–Zagros suture (Figure 1). The Early 
Miocene granitoids and sub-volcanic intrusions are the first 
products in this block [79]-[81]. Intense collision-related 
volcanic activities started at the Middle Miocene (15 Ma) [79] 
and continue to the historical periods [82]-[86].  

The southern branch of the Tethys Ocean, which began to close 
during the Late Cretaceous, separated the Anatolid–Tauride 
tectonic platform and the Eastern Anatolian Accretionary 
Complex (EAAC) from the African–Arabian plate, and the 
collision between the Arabian and Eurasian plates occurred 
along the Bitlis–Pötürge suture zone during the Middle Miocene 
[30]. The Eastern Anatolia region was formed under a north–
south compressional regime that developed after the 
subduction of the northern branch of the Tethys Ocean and the 
subsequent continental collision between the Anatolian and 
Arabian plates since the Miocene [87]. As a result of this 
compressional regime, several tectonic structures such as 
strike-slip and thrust faults, and east–west–trending folds were 

formed [88]. Around 12–13 Ma, the collision between the 
Arabian and Eurasian plates caused the region to uplift by 
approximately 2 km above sea level [87]. This regional uplift 
led to the formation of volcanic sequences with distinct 
geochemical compositions across much of the area [89]. 
Volcanic activity, which is widespread throughout the region, 
mostly developed along extensional fissures [90]. Recent 
geophysical studies have revealed that crustal thickness varies 
from 38 km in the southern part of Eastern Anatolia to 50 km 
beneath the Erzurum–Kars Plateau in the north, with an 
average thickness of about 45 km [91]. These findings indicate 
a close relationship between the geodynamic evolution and 
volcanism of the region. The detachment and sinking of the 
subducted oceanic lithospheric slab into the asthenosphere 
[21],[92] led to a geochemical transition of magmatism from 
calc-alkaline to alkaline character[89],[92],[93]. The origin and 
evolution of magmatism in Eastern Anatolia remain subjects of 
ongoing debate. Various models have been proposed to explain 
the mantle source and lithospheric structure. Among them, 
partial lithospheric delamination (82) and slab break-off 
[21],[92] are the most widely accepted mechanisms. Recent 
studies have proposed refined versions of these models. Late 
Cenozoic magmatism has been associated with slab break-off 
and/or delamination related to the Arabia–Anatolia plate 
collision [94]. Volcanism began approximately 3.5 Ma with 
mildly alkaline basaltic lava flows, continued between 2.9 and 
2.1 Ma with intermediate to acidic units (andesite–dacite), and 
concluded between 2.0 and 0.97 Ma with transitional and 
subalkaline basaltic lava flows [95]. In the Eastern Anatolian 
Collision Zone (EACZ), the shallowing of the lithosphere–
asthenosphere boundary (LAB) from the Miocene to the 
Pliocene and the loss of the lithospheric mantle through 
delamination led to the formation of voluminous basaltic lavas 
during this period. In contrast, during the Quaternary, the 
deepening of the LAB and the thickening of the lithospheric 
mantle were associated with the re-accretion of the mantle 
lithosphere (relamination). It has been suggested that a 
lithospheric mantle layer 5–11 km thick could be re-accreted 
beneath the EACZ within approximately 5–6 Ma [96]. An 
alternative model suggests that volcanism in the region began 
in the Oligocene and was driven by lithospheric dripping 
processes triggered by intensified collision during the Late 
Miocene–Early Pliocene [97]. It has been suggested that 
volcanism, sedimentary basin development, uplift, and crustal 
deformation in the Eastern Anatolia region have evolved 
asymmetrically from north to South [98], and that this 
evolution is associated with a brittle lithospheric detachment 
process that has been ongoing for approximately 20 million 
years [99]. 

3 Material and method 

Based on petrographic observations, the fresh and 
representative volcanic rock samples from the studied Late 
Miocene basic volcanic rocks were chosen to determine the 
mineral compositions of the samples. The major element 
composition of the clinopyroxene, olivine, feldspar, 
hornblende, brown mica, apatite, and Fe–Ti oxides were 
analysed by using a CAMECA SX100 instrument from the 
Laboratoire Magmas et Volcans (Clermont-Ferrand, France) 
with an accelerating voltage of 15 kV and sample current of 15 
nA. Peak and background counting times ranged from 10s to 
20s and 5s to 10s, respectively. Natural minerals and 
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synthetic/compounds were used as standards. Matrix effects 
were corrected by using Phi (r) z Peak Sight© software from 
CAMECATM. Typical standard deviations (1σ) ranged from 0.1 
to 0.3 wt. % for Si, Ca, Na, and Al, and from 0.03 to 0.1 wt. % for 
Fe, Cr, K, Ti, Mg, and Mn. 

4 Result 

4.1.1 Local geology 

The study area is situated around Posof and Damal vicinities 
(Ardahan, Turkiye) at the intersection of the Eastern Pontides 
and the north of the Eastern Anatolian region, including the 
Erzurum-Kars high plateau (Figure 1). The Posof volcanic roks 
generally displays grey, green and reddish brown, pale yellow, 
pinkish, and off-white colors, and their thickness varies from 90 
to 300m [100]. This unit, which comprises the basement of the 
studied area, is unconformably covered by Posof volcanic rocks, 

which are composed of Late Miocene-aged basalt, tuff, and 
agglomerate, and sedimentary intercalations in it [100]. The 
Posof volcanic rocks, which are exhibited as light and pale grey, 
brown, and black colors, have wide propagations around the 
Posof vicinity, Cin Dağı, and Ulgar Tepe (Figure 2 and Figure 3). 
They are blocky and fractured, and generally have fine and 
coarse-grained plagioclase, pyroxene, and amphibole minerals 
in the hand specimen (Figure 3a, b, c, e, f). The large vesicles up 
to 15cm are observed in basalts, and most of them are unfilled, 
whereas some of them are filled with calcite (Figure 3d). The 
Pliocene-aged Ardahan andesite, which exhibits flow-texture, 
unconformably covers all the older units, while the Pleistocene-
aged Ulgar Tepe andesite in phorphyritic texture is the 
youngest volcanic unit that crosscuts all the other older units in 
the study area. The Pleistocene detritic sediments, Holocene 
avalanches, and alluviums cover all these units (Figure 2). 

 

 

Figure 2. Geological map of the study area in 1/100 000 scale [Modified after [101]. 
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Figure 3. Macrophotograph of the Studied Late Miocene basic volcanic rocks. (a): The fractures observed in the studied volcanic 
rocks around the vicinity of Posof. (b): Altered volcanic rocks, light grey in colour. (c): Fractured basaltic rocks. (d): Vesicular basalts. 

(e): Blocky basalts around Kalem Tepe. (f): Appearance of the basaltic rocks in the study area. 
 

4.2 Petrography 

The Late Miocene volcanic rocks are generally microlithic, and 
some samples contain mega cysts rarely. The volcanic rocks, 
composition, consist of olivine, pyroxene, plagioclase, and 
opaque minerals in general, and they contain opacitized 
hornblende to a lesser extent. The groundmass of the volcanic 
rocks is generally composed of the microlites of the common 
minerals and the glass phase. 

The microlithic porphyritic, hyalo-microlithic porphyritic 
textures are the most common in the studied volcanic rocks. 
The intergranular, pilotaxitic, subophitic, glomerophyric, 
fluidal, and vesicular textures are other textures observed in 
these volcanic rocks. Besides, the vesicles and the other cavities 
were filled with secondary minerals like calcite. The textural 
properties, which indicate disequilibrium crystallization, such 
as normal and reverse zoning, sieved texture, resorbed and 

embayed crystals, are present in all studied volcanic rocks. The 
dominant mineral phase composing the studied volcanic rocks 
is plagioclase. They are commonly euhedral, subhedral, 
magmas (Figure 4a, b, c). The resorbed and zoned crystals are 
the other evidence showing disequilibrium crystallization 
(Figure 4a). Pyroxenes are mostly euhedral and subhedral 
clinopyroxene, and orthopyroxene to a lesser extent. They 
appear as a phenocryst, microphenocrysts crysts and microlites 
in the groundmass, and some of them are fractured (Figure 4d, 
e). The pyroxenes also exhibit zoning, as in plagioclase, and 
include some mineral inclusions along their zones (Figure 4e). 
The olivines are euhedral, subhedral, and unhedral 
phenocrystals, and they were iddingsitized along their rims and 
fractures (Figure 4f). The opaque minerals are generally 
rounded and present in groundmass, pyroxenes, and 
plagioclases as inclusions (Figure 4e). The totally opacitized 
hornblendes are observed in some samples rarely. 
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Figure 4. Microphotograph of; (a): Opaque inclusions bearing plagioclase and clinopyroxene phenocrysts in hyalomicolithic 
phorphyritic texture (Sample No: Po-18). (b): Euhedral olivine iddingsitized along rim and fractures and zoned plagioclase 

phenocrystal (Sample No: Po-36). (c): Sieved and resorbed rim of the plagioclase (Po-33). (d): Fractured plagioclase (Po-46, Ç.N.), (e, 
f): Sieved, resorbed and zoned plagioclase phenocryst (Po-65, Po-66), (g): reaction texture formed by micro-sized clinopyroxene 

crystals surrounding quartz xenocrysts (Po-38) (h): Bay-shaped clinopyroxene crystal (Po-31). 
 

4.3 Mineral chemistry 

The mineral chemistry analyses of olivine, pyroxene, 
plagioclase, hornblende, and opaque minerals situated in the 
Late Miocene volcanic rocks were performed on the core, 
mantle, and rim of the phenocrysts. Mineral chemistry analyses 

determined only the core composition of the microlites. Some 
phenocrysts, such as plagioclase and clinopyroxene, were 
analyzed to determine chemical variation through the profiles 
between core and rim. All mineral chemistry data are provided 
in the Appendix A-F. 



 
 
 
 

Pamukkale Univ Muh Bilim Derg, 31(8), 1469-1493, 2025 
(Special Issue of the 10th Geochemistry Symposium) 

D. Cicerali, C. Yücel, E. Aydınçakır, A. Kaygusuz 

 

1475 
 

4.3.1 Olivine 

A large part of the olivine in Late Miocene volcanic rocks was 
situated in the magmatic olivine field in the diagram proposed 
by [102] while the others were determined to be mantle-
originated olivine (Figure 5 and Appendix A). The CaO content 
of the magmatic olivines vary between 0.19 and 0.38, whereas 
the olivine of the mantle has CaO content between 0.15 and 0.19 
wt.%. The olivine phenocrysts are classified as krizolite (Fo71-

86), and Hyalosiderite (Fo63-68) according to their Fo contents. 
Only one analyzed olivine microlite is krizolite in composition 
with the Fo55 content. 

 

Figure 5. The Mg/(Fe2++Mg) versus CaO (wt.%) classification 
diagram of the olivines from Late Miocene basic volcanic 

rocks. The discrimination line is from [102]. 

4.3.2 Pyroxene 

The pyroxenes were classified using the diagram of [103], and 
one part of them was identified as orthopyroxene in the 
clinoenstatite composition; the others were determined to be 
clinopyroxene in the augite composition (Figure 6 and 
Appendix B, C).  

 

Figure 6. The Wo-Wn-Fs ternary classification diagram of the 
pyroxenes of the Late Miocene volcanic rocks [103]. 

The end-member compositions of clinoenstatite are Wo3-4En73-

82Fs14-24 with (Mg#) 0.75-0.86. These minerals are 
characterized by high MgO (26.53-30.74%), FeO (9.20-
15.42%), and low Cr2O3 (0-0.20%), Al2O3 (1.10-3.67%), TiO2 
(0.05-0.27%) contents and are determined to be Fe-Mg 
clinoenstatite. Augites are Wo39-45En43-50Fs11-12 in composition, 
with Mg# between 0.72-0.85, and characterized by high MgO 
(14.14-17.68%), FeO (5.31-9.56%), and low Cr2O3 (0-0.65%), 
Al2O3 (1.68–3.86%), TiO2 (0.29-1.70%) contents. According to 
these chemical properties, they are determined to be Fe-Mg 
Augite. Both orthopyroxenes and clinopyroxenes display 
normal and reverse zoning with regard to their chemical 

variation between core and rim. The core Mg# of the normally 
zoned orthopyroxenes is 0.85, while rim compositions are 0.84. 
Reversely zoned orthopyroxenes have Mg# ranging from 0.75 
to 0.85 in the core, 0.76 to 0.86 in the rim. The core 
compositions of the normally zoned clinopyroxene are in the 
range of 0.78-0.83, and the rim composition is in the range of 
0.72-0.83, while the reversely zoned clinopyroxenes have Mg# 
in the range of 0.77-0.81 in core, and in the range of 0.80-0.84 
in rim. 

4.3.3 Plagioclase 

The dominant mineral phase of the Late Miocene volcanic rocks 
is plagioclase, which is exhibited as phenocrysts and microlites 
in the groundmass (Figure 4b). The An content of the 
plagioclase phenocrysts and microlites observed in the studied 
volcanic varies between 16 and 77. They are Bytownite (An72-

77Ab22-27Or1), Labradorite (An51-69Ab30-48Or1), and andesine 
(An33-50Ab48-64Or2-3) in compositions. Most of the microlites are 
labradorite, and (An52-66Ab33-46Or1-2) and andesine (An16-

48Ab49-66Or2-18) in compositions, except for a sample in 
anorthoclase composition (Figure 7 and Appendix D). 
Plagioclase phenocrystals generally display both normal and 
reverse zoning. Normally zoned plagioclases have a core 
composition of An51-77Ab22-48Or1, and rim composition of An34-

63Ab36-64Or1-3, while the reversely zoned plagioclases have a 
core composition in the range of An39-70Ab30-59Or0-2, and rim 
composition in the range of An51-72Ab27-46Or1-3. Maximum 
anorthite variations between the core and the rim of normally 
zoned plagioclase are 29, and reversely zoned plagioclase are 
12.  

 

Figure 7. The Or-Ab-An ternary classification diagram of the 
plagioclases of the Late Miocene volcanic rocks. 

4.3.4 Hornblende 

The hornblendes of Late Miocene basic volcanic rocks are calcic 
in composition according to their chemical properties such as 
Si contents of 5.96-6.43, Al[IV] values of 1.80-2.27, Ti content of 
0.21-0.38, (Na+K)A values of 0.95-1.27, (Ca+Na)B values of 1.98-
2.00 and Mg# of 0.62-0.79 (Appendix E). The horblendes are 
classified as magnesio-hastingsite with Al[VI]<Fe3+ and 
pargasite with Al[VI]>Fe3+ according to the calcic amphibole 
classification of [104] (Figure 8). 
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Figure 8. The Mg/(Mg+Fe2+) versus Si (apfu) classification 
diagram of the hornblendes of the Late Miocene volcanic rocks 

[104]. 

4.3.5 Fe-Ti oxides 

The opaque minerals in the studied volcanic rocks are generally 
present as rounded crystals and inclusions in other 
ferromagnesian minerals. They are mostly in magnetite and 
ulvospinel in compositions with Usp0.05-1.44, except for three in 
ilmenite with İlm0.94-0.96 compositions according to the 
classification of [105] (Figure 9 and Appendix F). 

 

Figure 9. The classification diagram of the Fe-Ti oxides of the 
Late Miocene volcanic rocks [106]. 

4.3.6 Intensive parameters 

The minerals and their equilibrium conditions with the melt, in 
which they reside, are controlled by physicochemical 
parameters such as temperature (T), pressure (P), and oxygen 
fugacity (ƒO₂). 

Defining these parameters allows us to understand the crustal 
evolution and the crystallization history of the magmas that 
formed igneous rocks. Besides, the crystallization conditions of  
olmalıthe igneous rocks can be determined by investigation of 
the mineral paragenesis and composition with uncertainty as 
well. The crystallization temperature and pressure of the 
studied volcanic rocks based on mineral and melt compositions 
were determined by calibrations suggested by various 
researchers studying mineral thermodynamics. These 
calculations are generally practiced based on the equilibrium 
condition between mineral-mineral and mineral-melt.  

4.3.7 Clinopyroxene thermobarometry 

The equilibrium conditions between clinopyroxene and melt 
are the effective factor in estimating crystallization 
temperature, pressure, in connection with crystallization 
depth. This equilibrium condition, which is based on the 
temperature and pressure calculations, was investigated in 
detail by [20],[107]-[110]. An equilibrium constant was also 
determined based on Fe-Mg exchange and KD(Fe–Mg)cpx-liq 
=0.27±0.03 by [20]. In case of the KD(Fe–Mg)cpx-liq is in the 
desired range of 0.27±0.03, it is accepted that the mineral is in 
equilibrium with the melt. The composition of the groundmass 
glass or the bulk-rock composition of the rock can be used as a 
melt or liquid composition during thermobarometric 
calculations. The temperature and pressure estimates for the 
clinopyroxenes of the Late Miocene basic volcanic rocks 
obtained by using [20] calibrations and results are given in 
Table 1.  

Table 1. Pressure and temperature estimates [20] derived 
from clinopyroxenes in the studied Late Miocene mafic 

volcanic rocks (n = number of analyses). 

Clinopyroxene thermometry and barometry ( n= 20)  

 P(kbar) 
Eqn 32b 

T(°C ) 
Eqn 32d 

KD(Fe-Mg)cpx-liq 

Eqn 35 

Minimum 0.73 1026.50 0.27 

Maximum 8.30 1230.30 0.29 

Mean 4.16±2.02 1179.32±53.90 0.3 

The crystallization temperatures were revealed to vary from  
1026.50 °C to 1230.30°C (mean, 1179.32±53.90°C), and 
pressures yielded between 0.73 kbar and 8.30 kbar (mean, 
4.16±2.02 kbar). The obtained crystallization pressures of the 
studied volcanic rocks indicate that the crystallization depth of 
the clinopyroxenes is between 2.76 km and 31.34 km (P=ρ·g·z, 
noting that 1 kbar=100 MPa and g=9.81 m/s², and to specify 
that you used a density value of 2.7 g/cm³, which is reasonable 
for Eastern Anatolia (1 kbar=3.7 km for continental crust [111].  

4.3.8 Hornblende thermobarometer, hygrometer, and 
oxygen fugacity  

In the literature, there are several research studies to estimate 
crystallization pressure of the hornblendes in volcanic rocks. 
[11],[12], and [112] suggested calibrations that take into 
account Al(T) of hornblende and calculated the crystallization 
pressure. Apart from these, new thermobarometers are being 
developed nowadays[16],[17],[113]-[115]. [115] argued the 
new calibration, which is based on the major oxide content of 
the hornblende, and calculated the crystallization temperature, 
pressure, oxygen fugacity (logƒO2), and H2O content of the 
magmas. The calculated crystallization temperatures and 
pressure of the hornblende in the studied volcanic rocks are 
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880.18°C to 1014.15°C (mean, 949±30.48°C), 2.53 kbar to 8.71 
kbar (mean, 4.20±1.36 kbar), respectively (Table 2). The 
crystallization depth of the hornblendes was determined as 9.6-
32.9 km (mean, 15.6 km) about the calculated crystallization 
pressures (1 kbar = 3.7 km for continental crust; [111]. 

Table 2. Temperature, pressure, hydrometer, and oxygen 
fugacity values derived from hornblendes in the studied Late 

Miocene volcanic rocks [115]; n = number of analyses). 

Hornblende thermometry, barometry, hygrometry, and oxygen 
fugacity (n = 19) 

 T(°C) P(kPa) ΔNNO logfO2 (%)H2O 

Minimum 880.18 2.53 0.39 -10.94 4.60 

Maximum 1014.15 8.71 1.76 -8.92 6.32 

Mean 
949.58± 

30.48 
4.20± 
1.36 

0.9± 
0.42 

-10.05± 
0.48 

5.34± 
0.47 

Oxygen fugacity (logƒO2) is a crucial parameter in 
crystallization processes of igneous rocks, and it can be 
identified as the partial pressure of oxygen during magma 
evolution. The thermodynamic condition, which is the function 
of temperature and pressure, and the stability boundaries of 
the rock-forming minerals are controlled by this parameter. 
There is a direct proportion between oxygen fugacity and 
temperature, and generally, an increase in temperature leads to 
an increase in oxygen fugacity [16], [116]. The oxygen fugacity 
values were obtained for hornblendes from the studied Late 
Miocene basic volcanic rocks that vary between -10.94 and -
8.92 (mean, -10.05 ± 0.48). The relative oxygen fugacity 
(Nickel-Nickel Oxide, ΔNNO log units) range from 0.39 to 1.76 
(mean, 0.92±0.42) (Table 2). 

It is well known in literature that the H2O content of the 
hornblende-bearing magmas is controversial. [117] suggest 
that this content is in the range of 2-3%, while it is an average 
5% according to [118]-[120], and an average 6% according to 
[121]. The hornblendes in the studied volcanic rocks have H2O 
content between 4.60 % and 6.32 % (mean, 5.34±0.47 
%)(Table 2). The existence of the hornblende as a hydrous 
mineral shows that the magmas that formed the studied 
volcanic rocks have high H2O and volatile content. [122] state 
that this type of high-temperature and water-content magmas 
can rise to shallow crustal levels without completely 
crystallizing.  

The studied volcanic rocks were crystallized at a pressure 
between 2.5-9 kbar (250-900 PMa), and at a temperature 
between 900-1000 °C (Figure 10a). In the P-T diagram (Figure 
10a), most of the hornblendes from Late Miocene basic volcanic 
rocks plot within domain of Tsc-Pgs±Pl±Ol±Cpx±Opx±Mgn±ilm 
and the other three samples plot in Tsc-Prg±Pl±Cpx±Opx±Mgn 
± ilm domain, with nearly similar thermal stability values, such 
as 900°C to 1000°C. Furthermore, the hornblende from the 
studied volcanic rocks displays compatible behavior with the 
pink dashed curve, representing a 35% crystallinity curve. In 
the diagram of T(°C)-logƒO2 (Figure 10b), hornblendes plot 
between NNO and NNO+2 curves and are characterized by 
comparatively low oxygen fugacity values that vary from 10.94 
to -8.92. The H2O content of the samples is in the range of 4.60-
6.32% and they plot between the stability field of consistent 
amphiboles, which is roughly constrained by the maximum 
stability curve and the (lower) limit of consistent amphibole 
crystallization in T(°C)-H2Oerg diagram (Figure 10c). 

 

Figure 10. (a): P-T. (b): logƒO2-T ve (c): T-H2Oliq diagrams of 
hornblendes from the studied Late Miocene basic volcanic 

rocks [16]. 

5 Discussion 

5.1 Disequilibrium parameters 

It is well known that there is a close relation between the 
stability of minerals in the melt, where the minerals are 
present, and the chemical composition, volatile content, oxygen 
fugacity, pressure, and temperature. When the disequilibrated 
melt due to these parameters reaches the equilibrium 
conditions again, the zonation, dissolution, and resorption of 
the mineral shed light on determining and understanding the 
disequilibrium processes that the minerals experienced [123]- 
[132]. 

The existence of sieved plagioclase and both normal and sieved 
plagioclase in the same sample, observing resorbed, embayed 
plagioclases and pyroxenes [133],[134] are the petrographic 
evidence of disequilibrium crystallization. The sieved texture 
and resorptions (Figure 4a, b, c) observed along the rim of the 
plagioclase phenocrysts of the Late Miocene basic volcanic 
rocks indicate that the magmas that formed the studied 
volcanic rocks may have experienced magma mixing and/or 
assimilation processes during their crustal evolution [135]. 
[136] emphasize that the sieved texture in plagioclase can also 
be accepted as evidence for pressure release due to the rapid 
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ascent of the magma towards the surface. The sieved, resorbed, 
and embayed pyroxene crystals in the studied volcanic rocks 
are also evaluated as manifestations of magma mixing [3], 
[131],[137] and/or decompression [138] during the evolution 
of the magmas. Another disequilibrium texture is the reaction 
texture of the quartz (Figure 4g), which is formed by a quartz 
xenocryst surrounded by thin clinopyroxenes [139],[140]. The 
occurrence of ocelli quartz xenocrysts in the Posof volcanic 
basalts may serve as key evidence for magma chamber 
recharging (mixing) and reheating events associated with 
convection [141]. In basalts containing more than 51% SiO2, 
quartz xenocrysts armored with granular clinopyroxene are 
commonly observed. Nevertheless, quartz xenocrysts are 
present even in the most mafic basalts [142]. 

5.2 The compositional variations observed in 
plagioclases 

The normal zoning of plagioclase is generally explained by the 
single fractional crystallization phenomenon, while several 
hypotheses have been brought forward for the reverse zoning. 
They are:  

(i) Pressure and temperature increase in water saturated 
conditions, 

(ii) Temperature increase during ascent of the water 
saturated magma [143], 

(iii) Back-mixing processes of crustal magma chambers 
[144] and  

(iv) The temperature increase due to recharge of the 
magma chambers by the hotter magmas [131]. 

The anorthite (An) contents of the normally zoned plagioclases 
from Late Miocene volcanic rocks are in the range of An 51-77 in 
the core, and in the An34-63 in the rim. Reversely zoned 
plagioclases characterized by an increase in An content from 
core to rim, have an An content of An39-70 in the core, and of 
An51-72 in the rim. The core and rim anorthite content of the 
plagioclases from the studied volcanic rocks shows variation in 
a wide interval (29% for normally zoned plagioclases, 12% for 
reversely zoned ones), and it is interpreted as crucial evidence 
for magma mixing processes [145]. 

The magma mixing and decompression cause disequilibrium, 
which is the reason for the genesis of textural and 
compositional changes. However, the burning question is which 
one is a more effective factor. Tracking the variation in TiO2 
content of plagioclases is a precious way to determine the 
reason for resorption, if it is related to magma mixing or 
pressure decrease [132]. The detailed mineral chemistry 
analyses of plagioclases from the studied volcanic rocks show 
that both normally and reversely zoned plagioclases are 
present in the same sample. It can be accepted as another 
evidence for magma mixing processes.  

The TiO2 content in the plagioclases from the studied volcanic 
rocks ranges from 0.00 to 0.21 wt.%. To track compositional 
changes between the core and the rim, ΔTiO2 (TiO2core-TiO2rim) 
and ΔAn(Ancore–Anrim) parameters were calculated. The 
negative trend in the ΔTiO2 versus ΔAn (Figure 11b) diagram 
may result from TiO2 increasing during magmatic 
differentiation or be explained by an increase in the partition 
coefficient as magma differentiates and An content decreases 
[146].  

The negative correlation was observed in the An versus TiO2 
diagram of the core and the rim composition of the plagioclases 

from the studied volcanic rocks (Figure 11a). It is postulated 
that if the crystallization occurred in equilibrium conditions, 
the reason for the consistent negative trend is recharging the 
magma chamber by mafic magma that is leading high An, and 
low TiO2 content, and/or contemporaneous fractional 
crystallization [146].  

The normally zoned plagioclases from Late Miocene basic 
volcanic rocks display a magmatic differentiation 
(fractionations) trend with positive ΔAnR (1.18-29.30) and 
ΔTiO2 values between -0.21 and 0.06 in the ΔAnR versus 
diagram, which shows resorption of plagioclases due to both 
pressure release and magma mixing. 

The reversely zoned plagioclases display compatible variation 
with the primitive magma enrichment trend, with ΔTiO2 
varying from -0.05 to 0.08, and negative ΔAnR from -12.25 to -
1.07 in Figure 11b. The crystallization of normally zoned 
plagioclase can be related to the recharging of the magma 
chamber by evolved magma, and this leads to negative ΔTiO2 
values, while reversely zoned plagioclases result from 
recharging to the magma chamber by hot and primitive 
magmas. Even if the plagioclases from the studied volcanic 
rocks are normally zoned, the reversely zoned plagioclases are 
also present in these volcanic rocks (Figure 11b). The presence 
of both resorbed and normal plagioclase crystals and normally 
and reversely zoned plagioclase in the same sample from the 
studied Late Miocene basic volcanic rocks can be explained by 
magma mixing during the evolution of the magmas. 

 

Figure 11. (a): An versus TiO2 diagram showing the variations 
of core and rim of the plagioclases. (b): ΔAnR versus ΔTiO2 
diagram showing changes in normally and reversely zoned 
plagioclases of the Late Miocene basic volcanic rocks [146],  

(n: number of analyses). 
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5.3 The compositional variations observed in pyroxenes 

The magmatic processes, such as magma mixing, recharging of 
magma chamber, fractional crystallization, and contamination, 
cause the textural and compositional properties of pyroxenes, 
and they play crucial role in interpreting these processes [147]-
[160] argued five different hypotheses to put forward the 
purpose of the genesis of disequilibrium textures observed in 
clinopyroxenes: 

(i) The mixing of the compositionally distinct magma bodies, 

(ii) Fractional crystallization from the single magma body at 
low-pressure conditions,  

(iii) The fractional crystallization at different pressures,  

(iv) The presence of the xenocrystic cores indicating mantle 
origin or derivation from compositionally different source,  

(v) Crystals represent early cumulates being crystallized from 
a parental magma to a zoned magma chamber and the back 
mixing of cumulates with evolved residual liquid. The 
clinopyroxes from the Late Miocene basic volcanic rocks 
display disequilibrium textures such as resorptions in the 
core and mantle of the crystals, and rounded crystals 
(Figure 4e, h). The generation of sieved texture, resorption, 
and erosion in clinopyroxenes can result from magma 
mixing [3],[131],[137] or decompression [138]. 

The normally zoned orthopyroxenes have Mg# in the range of 
0.85 in the core and 0.84 in the rim. The Mg# of reversely zoned 
orthopyroxenes ranges from 0.75 to 0.85 in the cores and from 
0.76 to 0.86 in the rims. (Figure 12a). The Mg# of the normally 
zoned clinopyroxenes varies between 0.78 and 0.83 in the core, 
and 0.72 and 0.83 in the rim. Reversely zoned clinopyroxenes 
are characterized by Mg# ranging from 0.77 to 0.81 in the core, 
and 0.80-0.84 in the rim (Figure 12b). In addition to these, the 
presence of the normally and reversely zoned orthopyroxenes 
and clinopyroxenes in a single sample may indicate magma 
mixing processes. 

 

Figure 12. (a): Core-rim Mg number ((Mg/(Mg+Fe2+)) 
variations in orthopyroxes of the studied volcanics. (b): Core-
rim Mg number ((Mg/(Mg+Fe2+)) variations in clinopyroxenes 

of the studied volcanics [162]. 

5.4 The crystallization history of the late miocene 
magmas 

The study area, located at the intersection of the Eastern 
Pontides and the Erzurum-Kars Plateau, and its south, has been 
reported as having a crustal thickness of ~38 km in the south 
and ~50 km in the north, based on previous geophysical data 
[91],[161],[163],  with an average thickness of 45 km [91]. 

Traces of magmatic processes at different depths (such as 
textural, petrographic, and chemical instabilities) are clearly 
observed in the studied Late Miocene volcanic rocks. 
Petrographic observations, mineral chemistry, and 
thermobarometric calculations indicate that magma evolution 
occurred in multiple magma chambers at different pressures 
and temperatures. Barometric data based on hornblende and 
clinopyroxene minerals were used to determine crystallization 
depth. According to these data, the magmatic system of the Late 
Miocene volcanism developed through magma chambers 
located at deep (20–30 km), middle (10–20 km), and shallow 
(0–10 km) levels. Maximum pressure values calculated from 
hornblende and clinopyroxene barometry correspond to the 
deep magma chamber at depths of 32 and 31 km, respectively.  

Melting, assimilation, storage, and homogenization processes 
are effective in the hornblende and clinopyroxene phenocrysts 
that begin to crystallize at these levels [164]. At this level, 
hornblende crystallization occurred under moderate oxidation 
conditions, along with olivine and orthopyroxene with high 
forsterite (Fo) content. Hornblende and clinopyroxene 
crystallization occurred simultaneously in the magma, which 
continued to ascend and settled into the middle magma 
chamber at a depth of 15 km. Normal and reverse zoning, as 
well as rounded, sieve-like, and dissociated-edge crystal 
morphologies observed in the medium-anorthite-containing 
plagioclases, are clear indicators of magma mixing. The 
presence of normal and reverse-zoned plagioclases within the 
same sample indicates multiple magma intrusions within an 
open-system magma chamber. As magma ascended to depths 
between 2 and 9 km, its energy decreased, and the 
crystallization processes became more stable. Under high 
oxidation conditions, the crystallization of opacified 
hornblende crystals culminated in the formation of 
clinopyroxene at a depth of 2 km. At this level, melting and 
assimilation processes were limited, resulting in products 
closer to the final composition of the magma. In conclusion, the 
Late Miocene volcanic rocks studied reflect a multi-stage 
magmatic evolution that developed in magma chambers at 
different depths. When the petrographic, mineral chemistry, 
and geobarometric data are evaluated together, it is possible to 
conclude that the investigated volcanic rocks are derived from 
volatile-rich magmas under polybaric crystallization 
conditions. 

6 Conclusions 

The Late Miocene basic volcanic rocks consist of basalt, basaltic 
andesite, and andesite. Petrographic examinations indicate that 
these volcanic rocks commonly contain plagioclase, 
clinopyroxene, orthopyroxene, olivine, and opaque minerals 
(predominantly Fe-Ti oxides), while they locally include 
subordinate amounts of opaque hornblende. In these volcanic 
rocks, several textural features were identified, such as sieve 
texture, resorption texture, zoning, and the coexistence of both 
normally and reversely zoned plagioclases within the same 
sample. These features represent evidence for disequilibrium 
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crystallization. Mineral chemistry analyses reveal that the Late 
Miocene volcanic rocks are mainly composed of plagioclase 
(An16-77), clinopyroxene (Wo39-45En43-50Fs11-12), orthopyroxene 
(Wo3-4En73-82Fs14-24), olivine (Fo63-86), hornblende (Mg#0.62-
0.79), and Fe-Ti oxides (Usp0.05-1.44, Ilm94.10–95.53). According to 
clinopyroxene-melt thermobarometry results indicate 
crystallization temperatures ranging from 1026.5 to 1230.3 °C 
(mean 1179.32 ± 53.9 °C) and crystallization pressures 
between 0.73 and 8.3 kbar (mean 4.16±2.02 kbar). Hornblende 
thermobarometry, hygrometry, and oxygen fugacity 
calculations yield crystallization temperatures between 880.18 
and 1014.15 °C (mean 949±30.48°C), crystallization pressures 
between 2.53 and 8.71 kbar (mean 4.20±1.36 kbar), water 
contents ranging from 4.60 to 6.32 wt.% (mean 5.34±0.47 
wt.%), and oxygen fugacity (logƒO2) values from (-10.94) to (-
8.92) (mean -10.05±0.48). ΔNNO (Delta Nickel-Nickel Oxide) 
values range from 0.39 to 1.76 (mean 0.92±0.42). The 
occurrence of both normal and reverse zoning in 
clinopyroxenes and plagioclases reflects variable 
physicochemical conditions during magma evolution. 
Combined evaluation of the clinopyroxene and hornblende 
thermobarometry results suggests that the Late Miocene basic 
volcanic rocks crystallized from hydrous and volatile-rich basic 
magmas under oxidizing conditions at mid-to shallow-crustal 
levels, approximately 15 km depth, and at relatively high 
temperatures. 
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Appendix A.  

Electron microprobe analysis results of olivine phenocrysts from Late Miocene basic volcanic rocks. 

 

Mg # = Mg/(Mg+Fe2+). The formula was calculated on the basis of 4 oxygens. Fe²⁺ was taken as total Fe. ol: olivine; pheno: phenocrysts; mic: microlite. 
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Appendix A. (Continued) 

 

Mg # = Mg / (Mg+Fe2+). The formula was calculated on the basis of 4 oxygens. Fe²⁺ was taken as total Fe. ol: olivine; pheno: phenocrysts; mic: microlite. 

Appendix A. (Continued) 

 
Mg # = Mg / (Mg+Fe2+). The formula was calculated on the basis of 4 oxygens. Fe²⁺ was taken as total Fe. ol: olivine; pheno: phenocrysts; mic: microlite. 
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Appendix B. 

Electron microprobe analysis results of orthopyroxene phenocrysts from Late Miocene basic volcanic rocks. 

 

Mg # = Mg / (Mg+Fe2+). The formula was calculated on the basis of 6 oxygens. Fe²⁺ was 
taken as total Fe. opx: orthopyroxene; pheno: phenocrysts; mid.: middle Italic columns 
were used for P-T calculations. 

Appendix C. 

Electron microprobe analysis results of clinopyroxene phenocrysts from Late Miocene basic volcanic rocks. 

 

Mg # = Mg/(Mg+Fe2+). The formula was calculated on the basis of 6 oxygens. Fe²⁺ was taken as total Fe. cpx: clinopyroxene; pheno: phenocrysts, mid.: 
middle. Italic columns were used for P-T calculations. 
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Appendix C. 

(Continued) 

 
Mg # = Mg/(Mg+Fe2+). The formula was calculated on the basis of 6 oxygens. Fe²⁺ was taken as total Fe. cpx: 
clinopyroxene; pheno: phenocrysts, mid.: middle. Italic columns were used for P-T calculations. 

Appendix D. 

Electron microprobe analysis results of plagioclase phenocrysts and microlite from Late Miocene basic volcanic rocks 

 
The formula was calculated on the basis of 32 oxygens. Fe²⁺ was taken as total Fe. pl: plagioclase; pheno: phenocrysts; mid.: middle. 
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Appendix D. (Continued). 

 
The formula was calculated on the basis of 32 oxygens. Fe²⁺ was taken as total Fe. pl: plagioclase; pheno: phenocrysts; mid.: middle. 

Appendix D. (Continued). 

 
The formula was calculated on the basis of 32 oxygens. Fe²⁺ was taken as total Fe. pl: plagioclase; pheno: phenocrysts; mid.: middle. 

Appendix D. (Continued). 

 

The formula was calculated on the basis of 32 oxygens. Fe²⁺ was taken as total Fe. pl: plagioclase; pheno: phenocrysts; mid.: middle. 
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Appendix D. (Continued). 

 
The formula was calculated on the basis of 32 oxygens. Fe²⁺ was taken as total Fe. pl: plagioclase; mic: microlite. 

Appendix D. (Continued). 

 

The formula was calculated on the basis of 32 oxygens. Fe²⁺ was taken 
as total Fe. pl: plagioclase; mic: microlite. 
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Appendix E. 

Electron microprobe analysis results of hornblende phenocrysts from Late Miocene basic volcanic rocks. 

 
Mg#=Mg/(Mg+Fe2+). The formula was calculated on the basis of 23 oxygens. hbl: hornblende; pheno: phenocrysts. 

 

Appendix F. 

Electron microprobe analysis results of Fe-Ti oxide mineral from Late Miocene basic volcanic rocks. 

 
The Fe²⁺ and Fe³⁺ proportions were calculated stoichiometrically. The Usp ratio was calculated according to Lindsley and Spencer (1982). 
Mg#=Mg/(Mg+Fe2+). The formula was calculated on the basis of 32 oxygens. opq: opaque mineral. 
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Appendix F. (Continued). 

 
The Fe²⁺ and Fe³⁺ proportions were calculated stoichiometrically. The Usp ratio was calculated according to Lindsley and Spencer (1982). 
Mg#=Mg/(Mg+Fe2+). The formula was calculated on the basis of 32 oxygens. opq: opaque mineral. 

 


